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Abstract
This paper provides explicit and detailed quantum field theory (QFT) computations of
polarizations correlations of emerging particles in several processes in QED, Electroweak
Theory, and even in particle productions from strings, and hence are based on dynamical
theries. The novel properties observed in the computations of such polarizations correlations,
as predicted by QFT, is that they depend on the speed of the colliding particles, and, in
some cases, even on coupling parameters ratios as well as on mass ratios of the underlying
theory. These investigations clearly show that arguments based simply on combining spins to
generate probabilities of such polarization correlations are not reliable. The novel properties
obtained, with details of derivations provided here, hopefully would call for experiments on
polarizations correlations which would monitor speeds of colliding particles, and, would, in
turn, lead to new tests of the fundamental interactions of QFT such as of QED and of the
Electroweak Theory.
Keywords: Quantum field theory specific calculations, polarization correlations, entanglement
and Bell’s Inequality. Applications to QED, Electroweak theory and strings.
1 Introduction
Over the years, several experiments have been performed on particles’ polarizations correlations
(c.f. [1-5]) in the light of Bell’s inequality (c.f. [6-8]), and other similar experiments have been
also proposed in high energy physics (c.f. [9-14]). Quantum field theory, as quantum theory
extended to the relativistic regime, par excellence, where particles are created and destroyed with
the number of particles initially involved not necessarily conserved, is certainly most suitable
in providing a theoretical laboratory for investigating such phenomenae by carrying explicit
computations. We have been particularly interested in actual quantum field theory computations
of polarization correlations probabilities of particles produced in processes because of the novelties
we have encountered in such dynamical calculations as opposed to ones obtained na¨ıvely by
simply combining spins. With well known available and accurate quantum field theory methods
of computing processes in high energy physics, methods based on just combining spins, as well as
∗Corresponding author, e-mail: manoukian eb@hotmail.com
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on non-relativistic quantum mechanical methods, would be questionable. Quantum field theory
shows that polarization correlations depend, in general, on the speed of the particles involved
and, in some cases, on the the underlying coupling parameters ratios as well. In all the processes
investigated in this report, a clear cut dependence on the speed is encountered, and in one process
dependence not only on energy is obtained, but also on couplings ratios as well as particles mass
ratios.
A relevant application of interest of these polarizations correlations probabilities is done in
testing Bell’s inequality [15,16], by computing, in the process, a quantity S, referred to as the
indicator, which, in a rather standard notation, reads
S =
P12(a1, a2)
P12(∞,∞) −
P12(a1, a
′
2)
P12(∞,∞) +
P12(a
′
1, a2)
P12(∞,∞) +
P12(a
′
1, a
′
2)
P12(∞,∞) −
P12(a
′
1,∞)
P12(∞,∞) −
P12(∞, a2)
P12(∞,∞) . (1)
Here a1, a2(a
′
1, a
′
2) specify directions along which polarizations of two particles, emerging in a
process, are measured, which is described here by specific angles, with P12(a1, a2)/P12(∞,∞) de-
noting the joint probability of spins measurements of both particles, and P12(a1,∞)/P12(∞,∞),
P12(∞, a2)/P12(∞,∞) denoting the probabilities when the polarization of only one of the par-
ticles is measured. [Here P12(∞,∞) is a normalization factor.] Violation of Bell’s inequality
means that S falls outside the interval [−1,0 ] for at least one choice of the variables encountered
in these probabilities. And if this happens, such violation provides arguments against so-called
local hidden variables theories, in support of the monumental theory we call quantum theory.
Exact quantum field theory computations of these probabilities are reported here which have
been computed to leading orders in underlying couplings of several processes in QED, Electroweak
Theory as well as for some simple particle productions from strings. In all cases violation of Bell’s
inequality is encountered. It is important to realize, and sometimes not sufficiently emphasized,
is that the probabilities in (1) are conditional probabilities. That is, given that the underlying
process has occurred, then they denote the probabilities that some of the underlying variables,
associated with the particles emerging in the process, have taken on some specific values.
The specific processes investigated are best discussed, and spelled out, as we go along through
the various sections. For a review of the underlying basic theory of polarization correlations, in
the light of Bell’s inequality, including the analysis of some elementary processes which, in some
very special cases, polarization correlations are independent of energies, see [17]. In the last
section, we provide a clear cut conclusion as to what quantum field theory actually says about
polarization correlations, in general, which will hopefully open the way to stringent experimental
tests.1
2 e+e− → γγ with initially Polarized or Unpolarized Pair
We first consider the process e+e− → γγ [18,19] in the c.m., located at the origin, in QED, with
the e+, e− initially polarized, with e− spin up, along the z-axis, and e+ with spin down, and
prepared to be moving with momenta,
p1 = p(e
−) = γmβ(0, 1, 0) = −p(e+) = −p2, γ = 1/
√
1− β2. (2)
1Our first explicit quantum field theory computations of polarization correlations which show explicit depen-
dence on speed (energy) was done in early 2003 (see Ref. [21]).
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For the spinors we have
u =
(p0 +m
2m
)1/2


(
1
0
)
iρ
(
0
1
)

 , v =
(p0 +m
2m
)1/2


iρ
(
0
1
)
(
1
0
)

 , (3)
ρ =
γβ
γ + 1
=
β
1 +
√
1− β2 . (4)
We consider a process with the momenta of the emerging to be given by
k1 = γm(sin θ, 0, cos θ) = −k2, (5)
where we have used the facts that
|k1| = |k2| = k01 = k02 = p0(e±) ≡ p0 = γm. (6)
The amplitude for this process is given by (c.f.[20])
M ∝ v¯
[γµγk1γν
2p1k1
+
γνγk2γ
µ
2p1k2
+
γµpν1
p1k1
+
γνpµ1
p1k2
]
u eν1e
µ
2 , (7)
up to an unimportant numerical factor for the problem at hand. Here eν1 = (0, e1), e
µ
2 = (0, e2)
are polarization vectors of the emerging photons
ej = (− cos θ cosχj , sinχj , sin θ cosχj) ≡ (e(1)j , e(2)j , e(3)j ), j = 1, 2. (8)
Given that such a process has occurred, we can ask, rigorously, pertinent questions about the
polarization correlations of the photons.
To the above end, the following matrix elements are readily derived
v¯(γiγ0γj)u =
p0 +m
2m
2 ρ iεij2, (9)
v¯γiu =
p0 +m
2m
(1− ρ2) δi3, (10)
v¯(γiγnγj)u =
p0 +m
2m
(−δnjδi3 − δniδj3 + δijδn3)(1 − ρ2)− ip
0 +m
2m
(1 + ρ2) εinj . (11)
Upon setting,
k1
|k1| = n, (12)
the amplitude M then simplifies to
M ∝ −i(1 + ρ2)n.(e1 × e2) + β(1 − ρ2)(e(2)1 e(3)2 + e(3)1 e(2)2 ). (13)
For θ = pi/2, this gives
M ∝ −(0, sinχ1, cosχ1)1 (0, sinχ2, cosχ2)2
×
{
i(1 + ρ2)
[ 01
0


1

 00
1


2
−

 00
1


1

 01
0


2
]
−β(1− ρ2)
[ 01
0


1

 00
1


2
+

 00
1


1

 01
0


2
]}
, (14)
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generating a speed dependent normalized entangled state for the photons given by
|φ〉 = 1
N
{
i
(1 + ρ2)√
2
[ 01
0


1

 00
1


2
−

 00
1


1

 01
0


2
]
−β (1− ρ
2)√
2
[ 01
0


1

 00
1


2
+

 00
1


1

 01
0


2
]}
, (15)
with
N = [(1 + ρ2)2 + β2(1− ρ2)2]1/2. (16)
Therefore, the joint probability of photons polarizations correlations is given by
P [χ1, χ2] = ‖(0, sinχ1, cosχ1)1 (0, sinχ2, cosχ2)2|φ〉‖2 (17)
leading to the explicit expression
P [χ1, χ2] =
(1 + ρ2)2 sin2(χ1 − χ2) + β2(1− ρ2)2 cos2(χ1 + χ2)
2 [(1 + ρ2)2 + β2(1− ρ2)2] . (18)
for all 0 ≤ β ≤ 1.
The four possible angular polarizations directions of the photons are specified by the angles
(χ1, χ2), (χ1 +
pi
2
, χ2), (χ1, χ2 +
pi
2
), (χ1 +
pi
2
, χ2 +
pi
2
), (19)
and it is readily verified that the joint probability P [χ1, χ2] of polarizations correlations satisfies
the important normalization condition
P [χ1, χ2] + P [χ1 +
pi
2
, χ2] + P [χ1, χ2 +
pi
2
] + P [χ1 +
pi
2
, χ2 +
pi
2
] = 1. (20)
If the polarization of only one of the photons, say, photon with associated angle χ1, is mea-
sured, then we have to sum over the two angles χ2, χ2 + pi/2:
P [χ1,−] = P [χ1, χ2] + P [χ1, χ2 + pi
2
], (21)
to obtain
P [χ1,−] = ‖(0, sinχ1, cosχ1)1|φ〉‖2 = 1
2
, (22)
and similarly
P [−, χ2] = ‖(0, sinχ2, cosχ2)2|φ〉‖2 = 1
2
. (23)
We note that, in general,
P [χ1, χ2] 6= P [χ1,−]P [−, χ2], (24)
signalling the entanglement of the two photon states, and the non-trivial speed β dependence
of the probability P [χ1, χ2] should not be ignored. Interestingly enough for β → 0, we obtain
P (χ1, χ2)→ sin2(χ1 − χ2)/2 - a result which has been known for years.
In the standard notation (1), we have
P [χ1, χ2] =
P12(a1, a2)
P12(∞,∞) , P [χ1,−] =
P12(a1,∞)
P12(∞,∞) , P [−, χ2] =
P12(∞, a2)
P12(∞,∞) . (25)
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Defining
S = P [χ1, χ2]− P [χ1, χ′2] + P [χ′1, χ2] + P [χ′1, χ′2]− P [χ′1,−]− P [−, χ2], (26)
for four angles χ1, χ2, χ
′
1, χ
′
2. The Bell inequality is given by −1 ≤ S ≤ 0 [15,16]. It is sufficient
to realize one experimental situation that violates at least one of the bounds.
For all 0 ≤ β ≤ 1, angles χ1, χ2, χ′1, χ′2 are readily found leading to a violation of Bell’s
inequality. For example, for β = 0.2, χ1 = 0
o, χ2 = 23
o, χ′1 = 45
o, χ′2 = 67
o, S = −1.187
violating the inequality from below.
We now consider the process e+e− → γγ [21,19] in the c.m for unpolarized e+, e−, which
have been prepared to be moving along the z-axis, each with speed v = β in opposite directions,
prior to their annihilation into a pair of photons, each of momentum k in opposite directions.
For great generality, we may write for k, and for the photon polarization vectors ej , as
k = |k|(cosφ sin θ, sinφ sin θ, cos θ), ej(λ2) = ej(λ1)|χj→χj+pi/2, j = 1, 2, where, (27)
ej(λ1) = (− cos θ cosχj cosφ− sinχj sinφ , sinχj cosφ− cos θ cosχj sinφ , sin θ cosχj). (28)
Here χj are the angles that the polarizations ej(λ1) would make with the x-z plane if k where
lying in the latter plane. Recall that k.ej(λi) = 0.
In the c.m., for the probability for the process in question, we have (c.f. [22]), up to an
unimportant numerical factor for the problem at hand,
Prob ∝ 1
4
(k1k2)
2
(p1k1)(p1k2)
−
(
e1.e2 +
e1.p e2.p (k1k2)
(p1k1)(p1k2)
)2
, (29)
by averaging over the initial spin states of the e+e− pair. Here p = p1 = −p2, k = k1 = −k2,
p0 = p01 = p
0
2 = k
0
1 = k
0
2 . Upon using the scalar products,
e1.p = |p| sin θ cosχ1, e2.p = |p| sin θ cosχ2, p.k1 = |p||k| cos θ = −p.k2, (30)
making the definitions of the angles χ1, χ2 evident, the probability in (27) takes the form
Prob ∝
[
1− 4(1− β2) cosχ1 cosχ2[cos(χ1 − χ2)− 2 cosχ1 cosχ2]
]
(1− β2 cos2 θ)
−4(1− β
2)2 cos2 χ1 cos
2 χ2
(1 − β2 cos2 θ)2 − [cos(χ1 − χ2)− 2 cosχ1 cosχ2]
2, (31)
β = |p|/p0, θ is the angle between the vectors k and p.
Upon considering the four possible angular polarizations directions of the photons specified
by the angles
(χ1, χ2), (χ1 +
pi
2
, χ2), (χ1, χ2 +
pi
2
), (χ1 +
pi
2
, χ2 +
pi
2
), (32)
the following expression for the properly normalized joint probability of the photon polarizations,
specified by the angles χ1, χ2, emerges
P [χ1, χ2] =
1− [cos(χ1 − χ2)− 2β2 cosχ1 cosχ2]2
2[1 + 2β2(1 − β2)] , (33)
for all 0 ≤ β ≤ 1. The proper normalizability of the joint probability distribution
P [χ1, χ2] + P [χ1 +
pi
2
, χ2] + P [χ1, χ2 +
pi
2
] + P [χ1 +
pi
2
, χ2 +
pi
2
] = 1, (34)
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is easily verified.
If the polarization of only one of the photons, say, photon with associated angle χ1, is mea-
sured, then we have to sum over the two angles χ2, χ2 + pi/2:
P [χ1,−] = P [χ1, χ2] + P [χ1, χ2 + pi
2
], (35)
to obtain
P [χ1,−] = 1 + 4β
2(1− β2) cos2 χ1
2[1 + 2β2(1− β2)] , (36)
and similarly,
P [−, χ2] = 1 + 4β
2(1− β2) cos2 χ2
2[1 + 2β2(1− β2)] , (37)
for all 0 ≤ β ≤ 1. We note that, in general,
P [χ1, χ2] 6= P [χ1,−]P [−, χ2], (38)
signalling the entanglement of the two photon states, and the non-trivial speed β dependence
of these probabilities should not be ignored. Again interestingly enough for β → 0, we obtain
P (χ1, χ2)→ sin2(χ1 − χ2)/2, P (χ1,−)→ 1/2, P (−, χ2)→ 1/2 - a result which has been known
for years.
In the standard notation (1), we have the identifications given in (25), with the critical
parameter S defined in (26).
For example, for χ1 = 0
o, χ2 = 67
o, χ′1 = 135
o, χ′2 = 23
o, give S = 0.207 for β = 0, violating
this inequality from above. For χ1 = 0
o, χ2 = 23
o, χ′1 = 45
o, χ′2 = 67
o, give S = −1.207 for
β = 0, violating this inequality from below. Both bounds are violated for these same angles, for
all β ≤ 0.2, eliminating local hidden variables theories in support of quantum theory.
[ For completeness we also provide the relevant probabilities for emissions of two photons from
spin 0 pairs that we have also carried out:
P [χ1, χ2] =
[cos(χ1 − χ2)− 2β2 cosχ1 cosχ2]2
2[1− 2β2(1− β2)] (39)
P [χ1,−] = 1− 4β
2(1− β2) cos2 χ1
2[1− 2β2(1− β2)] , (40)
P [−, χ2] = 1− 4β
2(1− β2) cos2 χ2
2[1− 2β2(1− β2)] . ] (41)
3 Elastic e−e− Scattering for initially Polarized or Unpo-
larized Electrons
We first consider the process e−e− → e−e−, in the c.m in QED, with initially polarized electrons
[18], one with spin up, along the z-axis, and one with spin down. With p1 = γmβ(0, 1, 0) =
−p2, denoting the initial momenta of the initial electron and positron respectively, where γ =
1/
√
1− β2, we consider a process where the momenta of the emerging electrons and are given
by
p′1 = γmβ(sin θ, 0, cos θ) = −p′2, (42)
where θ is measured from the z-axis. Given that such a process has occurred, we may ask
questions about their final polarization correlations. The spinors of the initial electrons are given
6
by
u1 =
(p0 +m
2m
)1/2


(
1
0
)
iρ
(
0
1
)

 , u2 =
(p0 +m
2m
)1/2


(
0
1
)
iρ
(
1
0
)

 , (43)
with ρ defined in (4). For the final ones we have
u′1 =
(p0 +m
2m
)1/2( ξ1
σ.p′1
p0+m ξ1
)
, u′2 =
(p0 +m
2m
)1/2( ξ2
− σ.p′1p0+m ξ2
)
, (44)
where the two-spinors ξ1, ξ2 will be specified later.
The amplitude for the process is given by (c.f. [20])
M ∝ u(p
′
1)γ
µu(p1) u¯(p
′
2)γµu(p2)
(p′1 − p1)2
− u(p
′
2)γ
µu(p1) u¯(p
′
1)γµu(p2)
(p′2 − p1)2
, (45)
up to an unimportant numerical factor for the problem at hand.
The following matrix elements are needed for further analysis
u¯(p′1)γ
0u(p1) =
p0 +m
2m
ξ†1
(
1 + iρ2 sin θ
−iρ2 cos θ
)
, (46)
u¯(p′2)γ
0u(p2) =
p0 +m
2m
ξ†2
( −iρ2 cos θ
1− iρ2 sin θ
)
, (47)
u¯(p′1)γ
0u(p2) =
p0 +m
2m
ξ†1
(
iρ2 cos θ
1 + iρ2 sin θ
)
, (48)
u¯(p′2)γ
0u(p1) =
p0 +m
2m
ξ†2
(
1− iρ2 sin θ
iρ2 cos θ
)
, (49)
u¯(p′1)γ
ju(p1) =
p0 +m
2m
ρξ†1
[( i + sin θ
− cos θ
)
δj1+i
( −i + sin θ
− cos θ
)
δj2+
( − cos θ
−i + sin θ
)
δj3
]
, (50)
u¯(p′2)γ
ju(p2) =
p0 +m
2m
ρξ†2
[( − cos θ
i− sin θ
)
δj1+i
(
cos θ
i + sin θ
)
δj2+
(
i + sin θ
− cos θ
)
δj3
]
, (51)
u¯(p′1)γ
ju(p2) =
p0 +m
2m
ρξ†1
[( cos θ
i + sin θ
)
δj1+i
( − cos θ
i− sin θ
)
δj2+
(
i− sin θ
cos θ
)
δj3
]
(52)
u¯(p′2)γ
ju(p1) =
p0 +m
2m
ρξ†2
[(
i− sin θ
cos θ
)
δj1−i
(
i + sin θ
− cos θ
)
δj2−
(
cos θ
i + sin θ
)
δj3
]
. (53)
For θ = 0, the amplitude M takes the form
M ∝ ξ†1ξ†2
{
(1 + 6ρ2 + ρ4)
[( 0
1
)
1
(
1
0
)
2
−
(
1
0
)
1
(
0
1
)
2
]
+4 i ρ2
[(
0
1
)
1
(
0
1
)
2
+
(
1
0
)
1
(
1
0
)
2
]}
, (54)
generating the speed dependent normalized entangled state of the emerging photons
|ψ〉 = 1
N
{ (1 + 6ρ2 + ρ4)√
2
[( 0
1
)
1
(
1
0
)
2
−
(
1
0
)
1
(
0
1
)
2
]
+
4 i ρ2√
2
[( 0
1
)
1
(
0
1
)
2
+
(
1
0
)
1
(
1
0
)
2
]}
, (55)
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where
N = [(1 + 6ρ2 + ρ4)2 + 16ρ4]1/2, ξj =
1√
2
(
e−iχj/2
e+iχj/2
)
, j = 1, 2, (56)
ρ is defined in (4), and the angles are measured relative to the x-axis in planes parallel to the
x-y one..
The joint probability of the polarization correlations of the emerging electrons is then given
by
P [χ1, χ2] = ‖ξ†1ξ†2|ψ〉‖2 =
[
(1 + 6ρ2 + ρ4) sin
(
χ1−χ2
2
)
− 4ρ2 cos
(
χ1+χ2
2
)]2
2 [(1 + 6ρ2 + ρ4)2 + 16ρ4
] . (57)
It satisfies the normalization condition
P [χ1, χ2] + P [χ1 + pi, χ2] + P [χ1, χ2 + pi] + P [χ1 + pi, χ2 + pi] = 1. (58)
If only one of the spins polarizations is measured, then we have
P [χ1,−] = ‖ξ†1|ψ〉‖2 ≡ P [χ1, χ2] + P [χ1, χ2 + pi]
=
1
2
− 4ρ
2(1 + 6ρ2 + ρ4)
(1 + 6ρ2 + ρ4)2 + 16ρ4
sinχ1, (59)
and similarly
P [−, χ2] = 1
2
+
4ρ2(1 + 6ρ2 + ρ4)
(1 + 6ρ2 + ρ4)2 + 16ρ4
sinχ2. (60)
For all 0 ≤ β ≤ 1, angles χ1, χ2, χ′1, χ′2 are readily found leading to a violation of Bell’s
inequality. For example, for β = 0.3, χ1 = 0
o, χ2 = 137
o, χ′1 = 12
o, χ′2 = 45
o, S = −1.79
violating the inequality from below.
For initially unpolarized electrons [18], with momenta p1 = γmβ(0, 1, 0) = −p2, we consider
a process with electrons with final momenta
p′1 = γmβ(1, 0, 0) = −p′2. (61)
Given that such a process has occurred, we enquire about the polarization correlations of the
emerging electrons.
To the above end, the four spinors of the emerging electrons may be written as
u(p′1) =
(p0 +m
2m
)1/2( ξ1
σ.p′1
p0+m ξ1
)
, ξ1 =
( −i cos(χ1/2)
sin(χ1/2)
)
(62)
u(p′2) =
(p0 +m
2m
)1/2( ξ2,
− σ.p′1p0+m ξ2
)
, ξ2 =
( −i cos(χ2/2)
sin(χ2/2)
)
. (63)
A tedious computation of the probability of occurrence of the process leads to
Prob ∝ (1− β2)(1 + 3β2) sin2
(χ1 − χ2
2
)
+ β4 cos2
(χ1 + χ2
2
)
+ 4β4 ≡ F [χ1, χ2]. (64)
Given that the process has occurred, the conditional probability that the spin of the emerging
electrons make angles χ1, χ2 with the z-axis, is then given by
P [χ1, χ2] =
F [χ1, χ2]
N(β)
, (65)
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where N(β) is the normalization factor
N(β)=F [χ1, χ2] + F [χ1 + pi, χ2] + F [χ1, χ2 + pi] + F [χ1 + pi, χ2 + pi] = 2(1 + 2β
2 + 6β4), (66)
giving
P [χ1, χ2] =
(1− β2)(1 + 3β2) sin2
(
χ1−χ2
2
)
+ β4 cos2
(
χ1+χ2
2
)
+ 4β4
2(1 + 2β2 + 6β4)
. (67)
For the probabilities of a measurement of a single polarization, we have
P [χ1,−] = P [χ1, χ2] + P [χ1, χ2 + pi] = 1
2
, (68)
P [−, χ2] = P [χ1, χ2] + P [χ1 + pi, χ2] = 1
2
. (69)
Using our earlier notation, it is easily verified that Bell’s inequality is violated, for example,
for β = 0.3, χ1 = 0
o, χ2 = 45
o, χ′1 = 90
o, χ′2 = 135
o, giving S = −1.165.
4 Elastic e+e− Scattering for initially Polarized and Unpo-
larized Pairs
We first consider e+e− elastic scattering in QED, with an initially polarized pair [23] with the
electron spin up along the z-axis, and the positron spin down. The electron and positron are
prepared to have momenta p1 = γmβ(0, 1, 0) = −p2, respectively. Consider the process with an
emerging pair having momenta k1 = γmβ(0, 0, 1) = −k2. For the two-spinors of the emerging
electron and positron, we choose
ξj =
1√
2
(
e−iχj/2
e+iχj/2
)
, j = 1, 2, (70)
where the angles χ1, χ2 are measured from the x-axis in planes parallel to the x-y one. A tedious
computation for the probability of occurrence of the process gives
M ∝
[
A(β) cos
(χ1 + χ2
2
)
+B(β) sin
(χ1 − χ2
2
)]
+ i
[
C(β) sin
(χ1 + χ2
2
)
+D(β) cos
(χ1 − χ2
2
)]
, (71)
where
A(β) = 1− ρ2(1− ρ) + 2β2(1− ρ2)2, (72)
B(β) = ρ(1 + ρ) + 8β2ρ2, (73)
C(β) = 1 + ρ2(1− ρ) + 2β(1− ρ4), (74)
D(β) = ρ(1 + ρ). (75)
(76)
and ρ is defined in (4).
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Using the notation F [χ1, χ2] for the absolute value square of the expression on the right-hand
side of (69), the joint probability of measurements of the spins of the emerging pair, specified by
the angles χ1, χ2, is then given by
P [χ1, χ2] =
F [χ1, χ2]
N(β)
, (77)
where
N(β) = F [χ1, χ2] + F [χ1 + pi, χ2] + F [χ1, χ2 + pi] + F [χ1 + pi, χ2 + pi]
= 2[A2(β) +B2(β) + C2(β) +D2(β)]. (78)
Thus we obtain
P [χ1, χ2] =
[
A(β) cos
(
χ1+χ2
2
)
+B(β) sin
(
χ1−χ2
2
)]2
2[A2(β) +B2(β) + C2(β) +D2(β)]
+
[
C(β) sin
(
χ1+χ2
2
)
+D(β) cos
(
χ1−χ2
2
)]2
2[A2(β) +B2(β) + C2(β) +D2(β)]
. (79)
If only one of the spins is measured, we then have
P [χ1,−] = 1
2
+
[A(β)B(β) + C(β)D(β)] sinχ1
[A2(β) +B2(β) + C2(β) +D2(β)]
, (80)
P [−, χ2] = 1
2
− [A(β)B(β) − C(β)D(β)] sinχ2
[A2(β) +B2(β) + C2(β) +D2(β)]
. (81)
For all 0 ≤ β ≤ 1, angles χ1, χ2, χ′1, χ′2 are readily found leading to a violation of Bell’s
inequality. For example, for β = 0.9, χ1 = 0
o, χ2 = 45
o, χ′1 = 69
o, χ′2 = 200
o, S = −1.311.
We now consider initially unpolarized e+e− pair. For the final pair, their corresponding
spinors are set to be
u(k1) =
(k0 +m
2m
)1/2 ( ξ1
σ.k1
k0+m ξ1
)
, ξ1 =
( −i cos(χ1/2)
sin(χ1/2)
)
(82)
v(k2) =
(k0 +m
2m
)1/2( − σ.k1k0+m ξ2
ξ2
)
, ξ2 =
( −i cos(χ2/2)
sin(χ2/2)
)
. (83)
The probability of the occurrence of the process is worked out to be
Prob ∝ [2 β4(1 + 2β2)− 3(1 + β2)] sin2
(χ1 − χ2
2
)
+(1 + β2 + 2β4) cos2
(χ1 + χ2
2
)
+ 5(1− β2) ≡ F [χ1, χ2]. (84)
and
F [χ1, χ2] + F [χ1 + pi, χ2] + F [χ1, χ2 + pi] + F [χ1 + pi, χ2 + pi]
= 8[2− 3β2 + β4 + β6] ≡ N(β). (85)
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The joint probability P [χ1, χ2] is then given by
P [χ1, χ2] =
[2 β4(1 + 2β2)− 3(1 + β2)]
N(β)
sin2
(χ1 − χ2
2
)
+
[1 + β2 + 2β4]
N(β)
cos2
(χ1 + χ2
2
)
+
5(1− β2)
N(β)
. (86)
For the probabilities corresponding to the measurements of only one of the spins, we simply
have
P [χ1,−] = 1
2
, P [−χ2] = 1
2
. (87)
For example, for β = 0.8, χ1 = 0
o, χ2 = 45
o, χ′1 = 210
o, χ′2 = 15
o, S = −1.167.
5 Muon Pair Production in the Standard Electroweak The-
ory
Now we come to a very interesting process which will turn up to be quite important in the
present investigations. We consider the process e−e+ → µ−µ+ in the Standard Electroweak
theory [24]. At the outset we notice here that since the mass of the electron is much smaller
than the one of the muon, sufficient energy is needed to create the muons. That is, the energy
of the e−e+ is critical for the occurrence of such a process. Is this dependence reflected in the
polarization correlations of the muons?. It is indeed, as we will see below. In the c.m., we choose
the momenta of the electron and positron to be, respectively, p = γmeβ(0, 1, 0) = −k, with me,
here, denoting the mass of the electron. The momenta of the emerging µ−, µ+ will be taken to
be
p′ = γ′mµβ
′(1, 0, 0) = −k′, (88)
where mµ is the mass of the muon. With the spins of e
−, e+, prepared with respect to the z-axis,
we write for their corresponding spinors
u(p) =
√
γ + 1
2


(
1
0
)
i γβγ+1
(
0
1
)

 , v(k) =
√
γ + 1
2


i γβγ+1
(
1
0
)
(
0
1
)

 . (89)
Obviously, there is a non-zero probability of occurrence of the above process. Given that such a
process has occurred, we compute the conditional joint probability of spins measurement of µ−,
µ+ along directions specified by angles χ1, χ2 measured from the z-axis. Here we have considered
the singlet state.
A fairly tedious computation for the invariant amplitude of the process [23,24], leads for the
amplitude of occurrence, which when written in terms of the energy ζ available initially in the
system, takes the form
M ∝
[
A(ζ) sin
(χ1 − χ2
2
)
+B(ζ) sin
(χ1 + χ2
2
)
+ C(ζ) cos
(χ1 − χ2
2
)]
− i
[
D(ζ) sin
(χ1 + χ2
2
)
+ E(ζ) cos
(χ1 − χ2
2
)]
, (90)
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where
A(ζ) =
(M2Z
4ζ2
+ ab2 − 1
)
, (91)
B(ζ) = −
(me
mµ
)(M2Z
4ζ2
+ ab2 − 1
)
, (92)
C(ζ) =
abme
ζmµ
√
ζ2 −m2µ, (93)
D(ζ) =
a
mµζ
√
ζ2 −m2µ
√
ζ2 −m2e, (94)
E(ζ) = − ab
mµ
√
ζ2 −m2e, (95)
and
a ≡ g
2
16 e2 cos2 θW
∼= 0.353, b ≡ 1− 4 sin2 θW ∼= 0.08, (96)
where the symbols in (96) have their usual meanings.
Denoting the absolute value squared of the right-hand side of (90) by F [χ1, χ2], we obtain
F [χ1, χ2] + F [χ1 + pi, χ2] + F [χ1, χ2 + pi] + F [χ1 + pi, χ2 + pi]
= 2 [A2(ζ) +B2(ζ) + C2(ζ) +D2(ζ) + E2(ζ)] ≡ N(ζ). (97)
The relevant probabilities are then
P [χ1, χ2] =
1
N(ζ)
[
A(ζ) sin
(χ1 − χ2
2
)
+B(ζ) sin
(χ1 + χ2
2
)
+ C(ζ) cos
(χ1 − χ2
2
)]2
+
1
N(ζ)
[
D(ζ) sin
(χ1 + χ2
2
)
+ E(ζ) cos
(χ1 − χ2
2
)]2
, (98)
P [χ1,−] = 1
2
− 2B(ζ)
N(ζ)
[A(ζ) cosχ1 + C(ζ) sinχ1], (99)
P [−, χ2] = 1
2
+
2B(ζ)
N(ζ)
[A(ζ) cosχ2 + C(ζ) sinχ2], (100)
It is important to note that
P [χ1, χ2] 6= P [χ1,−]P [−, χ2], (101)
in general, showing an obvious correlation occurring between the two spins.
The indicator S is readily computed from the above probabilities since the explicit expres-
sions for A(ζ), B(ζ), C(ζ), D(ζ), E(ζ) are known. For ζ = 105.656 MeV, i.e., near threshold,
an optimal value of S is obtained to be equal to − 1.28203, for χ1 = 0o, χ2 = 45o, χ′1 = 90o,
χ′2 = 135
o, clearly violating Bell’s inequality. For energies originally carried out in the experi-
ment of the differential cross section of the process in question, ζ ∼ 34 GeV, an optimal value
of S is obtained to be equal to − 1.22094, for χ1 = 0o, χ2 = 45o, χ′1 = 51.13o, χ′2 = 170.85o,
leading again to a violation of Bell’s inequality.
It is well known [27] that the process e−e+ → µ−µ+ as computed in the Electroweak theory
is, in general, in much better agreement with experiment than that of a QED computation.
Near threshold, the indicator SQED, however, computed within QED coincides with that of the
indicator S obtained above in the Electroweak theory, and varies slightly at higher energies.
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6 Pair Productions From Strings
For completeness, we finally consider polarization correlations of pair productions [28] via clas-
sical strings. We investigate the polarization correlations of e−e+ pair productions via charged
and neutral Nambu strings via processes of photon and graviton emissions, respectively. We
consider circularly oscillating closed strings as a cylindrical symmetric solution [29-35] arising
from the Nambu action [32-39], as perhaps the simplest string structure for field theory studies.
Explicit expressions for the joint probabilities as well as of the probabilities corresponding to a
measurement of only one of the spins are derived and again are found to be speed dependent.
Due to the different expressions of the probabilities obtained, in general, for charged and neu-
tral strings, inquiries about such correlations, would indicate whether the string is charged or
uncharged.
The trajectory of the closed string is described by a vector functionR(σ, t), where σ parametrizes
the string, satisfying the relations
R¨−R′′ =0, R˙.R′ = 0, R˙2 +R′2 = 1, (102)
R
(
σ +
2pi
m
, t
)
= R(σ, t), (103)
where the mass scale m is taken to be the mass of the electron, R˙ denotes the time derivative
∂R/∂t, R′ = ∂R/∂σ, with the general solution
R(σ, t) =
1
2
[A(σ − t) +B(σ + t)], A′2 +B′1 = 1. (104)
We consider a solution of the form [30-35]
R(σ, t) =
1
m
[ cosmσ, sinmσ, 0 ] sinmt, (105)
with the z-axis perpendicular to the plane of oscillations.
For a string of total charge Q, this generates a current density [33] Jµ(x) with structure
(x = (t, r, z))
Jµ(x) =
∫
d2p
(2pi)2
∫ ∞
−∞
dq
2pi
∫ ∞
−∞
dP 0
2pi
eip.reiqze−iP
0t Jµ(P 0,p), (106)
Jµ(P 0,p) = 2 pi
∑
N
δ(P 0 −mN)Bµ(p, N), (107)
B0(p, N) = aN J
2
N/2
( |p|
2m
)
, aN = Q (−1)N/2 cos
(Npi
2
)
, (108)
B(p, N) =
mN
|p|2 pB
0(p, N), (109)
where the summation in (107), is over all integers N , and the JN/2 are the ordinary Bessel
functions of order N/2.
We consider e−, e+ pair production from a photon emitted from the charged string. The
corresponding amplitude [40,41] is then given y
M ∝ Jµ(2p0,p1 + p2) 1
(p1 + p2)2
[u¯(p1, σ1)γµu(p2, σ2)], (110)
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with the four momenta of e−, e+, respectively, given by
p1 = k(0, 1, 0), p2 = k(1, 0, 0), k = mγβ, (111)
p01 = p
0
2 =
√
k2 +m2 ≡ p0 = mγ, γ = 1/
√
1− β2. (112)
The measurement of the spin projection of the electron is taken along an axis making an angle
χ1 with the z-axis and lying in a plane parallel to the x-z plane
u =
(p0 +m
2m
)1/2( ξ1
k σ2
p0+m ξ1
)
, v =
(p0 +m
2m
)1/2( − k σ2p0+m ξ2
ξ2
)
, (113)
where the direction of spin projection of the positron lies in a plane parallel to the y-z plane.
For the 2-spinors, we have
ξ1 =

 cos
(
χ1
2
)
− sin
(
χ1
2
)

 , ξ2 =

 sin
(
χ2
2
)
cos
(
χ2
2
)

 . (114)
A tedious computation yields
M ∝
[
− i
(
1− γβ22
)
cos
(
χ1−χ2
2
)
+
(
1 + γβ
2
2
)
cos
(
χ1+χ2
2
)]
(γ2β2 − 2)
∑
N
δ(2p0 −mN)B0, (115)
where note that 2p0/m is quantized.
Given that the above process has occurred, the joint probability of measurements of the spins
of the pair becomes
P [χ1, χ2] =
(
2
√
1− β2 − β2)2 cos2 (χ1−χ22 )+ (2√1− β2 + β2)2 cos2 (χ1+χ22 )
4(2− β2)2 . (116)
The probabilities associated with the measurement of only one of the spins become simply
P [χ1,−] = 1
2
, P [−, χ2] = 1
2
. (117)
For example, for for β = 0.8, χ1 = 0
o, χ2 = 160
o, χ′1 = 100
o, χ′2 = 10
o, give for the indicator
S = − 1.088, violating Bell’s inequality.
It is interesting to note that in the extreme relativistic case β → 1
P [χ1, χ2] =
1
4
[
cos2
(χ1 − χ2
2
)
+ cos2
(χ1 + χ2
2
)]
. (118)
This will be compared with the one resulting from a neutral string.
A neutral string of massM , generates an energy-momentum tensor density T µν with structure
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[34]
T µν(x) =
∫
d2p
(2pi)2
∫ ∞
−∞
dq
2pi
∫ ∞
−∞
dP 0
2pi
eip.reiqze−iP
0t T µν(P 0,p), (119)
T µν(P 0,p) = 2pi
∑
N
δ(2p0 −mN)Bµν(p, N), (120)
B00(p, N) = βN J
2
N/2(z), z =
|p|
2m
, βN =M(−1)N/2 cos
(Npi
2
)
, (121)
B0a(p, N) = βN
P 0pa
|p|2 J
2
N/2(z), a = 1, 2, (122)
Bab(p, N) = βN
(
ANδ
ab + EN
papb
|p|2
)
, a, b = 1, 2, (123)
AN =
1
4
[JN
2
+1(z)−JN
2
−1(z)]
2, EN = JN
2
+1(z)JN
2
−1(z), (124)
Bµ3(p, N) = B3µ(p, N) = 0, µ = 0, 1, 2, 3. (125)
For e−e+ pair production via a graviton emitted from the string, the amplitude of the process
is given by
M ∝ T σλ(2p0,p1 + p2)
[ησµηλν − 12 ησληµν ]
(p1 + p2)2
T µνe−e+ , (126)
where T µνe−e+ is the energy-momentum associated with the pair. This expression simplifies to
M ∝ 1
(p1 + p2)2
{
− 2mu¯vT 00 + 2[(u¯γav)(p1b − p2b) +mδabu¯v]T ab
}
. (127)
The recurrence relation of Bessel functions
JN
2
−1(z) =
2
√
2
β
JN
2
(z) − JN
2
+1(z), (128)
allows one to express AN , EN in terms of JN
2
+1, JN
2
which differ by one order only, and for
sufficiently high energies, they may be expressed in terms of JN
2
.
The polarization correlations probability of the pair is then readily computed from (127) to
be
P [χ1, χ2] =
1
4(4− β2 − 2√2β)×
×
{(√
2(1− β2)−
√
2+β
)2
cos2
(χ1 − χ2
2
)
+
(√
2(1− β2)+
√
2−β)2 cos2 (χ1 + χ2
2
)}
, (129)
and for those involving with the measurements of only one of the spins, we again simply have
P [χ1,−] = 1
2
, P [−, χ2] = 1
2
. (130)
For example, for β = 0.8, χ1 = 0
o, χ2 = 160
o, χ′1 = 100
o, χ′2 = 10
o, as before, now give for
the indicator S = − 1.103, violating Bell’s inequality.
The fact that the polarization correlations probabilities of the pair e−, e+ emitted via the
charged and neutral strings are different, in general, would indicate, in principle, whether the
underlying string is charged or uncharged. In the extreme relativistic case β → 1, the joint
probability in (129) approaches the one in (118), and the joint probabilities resulting from both
strings coincide.
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7 Conclusion
In this paper we have reported, in detail, on explicit quantum field theory (QFT) computations
(not just in words but actual computations) of polarization correlations in several processes in
QED, the Electroweak Theory and even in processes of particle productions from strings. In all
these processes, QFT shows explicit dependence on the speed (energy) of the colliding particles
and this is as a rule rather than exception. After all, particles carry speeds in order to merge,
collide and create other particles. One may na¨ıvely argue that one may arrange such speeds to
be low enough so that they become negligible. That this cannot always be done, becomes clear
in our investigation of the process e−e+ → µ−µ+ in the Electroweak Theory in Sect.5, where
due to the fact that the mass of the electron is much smaller than that of the muon, the e−, e+
pair should have enough energy (threshold energy) to create the muons pair. This energy factor
makes its appearance in the expression of the polarization correlation and cannot be reduced be-
low the threshold value on physical grounds. What is equally interesting is that the polarization
correlation of the muons not only depends on energy but also depends on coupling parameters
ratios as well as mass ratios. On the other hand, how one can discuss locality problems, in the
light of Bell’s inequality, by considering low energy non-relativistic limits. Clearly investigations
based simply on combining spins, or even based on non-relativistic quantum mechanical meth-
ods, become questionable. QED and the Electroweak Theory have stood the test of time, and
are dynamical theories, why not use them to explicitly carry out such computations ?. After all
QFT is the theory that emerges upon extending quantum theory to the relativistic regime and
is based on local interactions. Needless to say, all the expressions of the relevant probabilities
for polarization correlations, and of those probabilities involved in the measurement of only one
of the polarizations of the emerging particles, lead to a clear violation of Bell’s inequality, and
support the monumental theory we call quantum theory.
The novel properties derived of polarization correlations, such as their dependence on energy,
as explicitly predicted by QFT, obviously call for experimental tests which monitor the speeds
of colliding particles. Such experiments, if realized, would, in turn, provide new tests of these
fundamental interactions devised by men.
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